We isolated and characterized a gene encoding phosphoribulokinase (PRK) from Synechococcus sp. PCC 7942. The isolated sequence consisted of a 999 bp open reading frame encoding 333 amino acid residues of PRK. The PRK contained a pair of cysteinyl residues corresponding to Cys16 and Cys55 of spinach PRK regulated by a ferredoxinthioredoxin system. However, there were seventeen amino acid residues lacking between the two cysteinyl residues compared with those of the chloroplastic enzyme in higher plants. The recombinant PRK of Synechococcus sp. PCC 7942 accounted for about 6-13% of the total soluble protein in the Escherichia coli. The specific activity of the enzyme was 230 mmol min -1 (mg protein)
Introduction
All plants and most photosynthetic bacteria fix carbon dioxide via a photosynthetic carbon reduction cycle, the Calvin cycle (Buchanan 1991) . The cycle consists of three steps. The first step is carbon dioxide fixation via the carboxylation of D-ribulose 1,5-bisphosphate (RuBP) to yield two molecules of 3-phospho-D-glycerate, catalyzed by RuBP carboxylase/oxygenase (RuBisCO). The second step is reduction from 3-phospho-D-glycerate to glyceraldehyde 3-phosphate with consumption of ATP and NADPH. The final step is the regeneration of RuBP, the acceptor for CO 2 in photosynthetic carbon assimilation, from glyceraldehyde 3-phosphate. In higher plants, a number of the Calvin cycle enzymes, NADP-dependent glyceraldehyde-3-phosphate dehydrogenase (NADP-GAPDH), fructose-1,6-bisphosphatase (FBPase), sedoheptulose-1,7-bisphosphatase (SBPase), and phosphoribulokinase (PRK) are regulated by a ferredoxin-thioredoxin system, by which specific cysteinyl (Cys) residues of these enzymes are reduced or oxidized to give active or inactive forms of the enzyme. They are called thiol-modulated enzymes in higher plants because Calvin cycle enzymes are regulated by the thioredoxin-mediated thioldisulfide exchange in a light-dependent manner (Buchanan 1991) . In contrast, Tamoi et al. (1998) reported that these enzymes are not regulated by the same mechanism in the cyanobacteria Synechococcus sp. PCC 7942 (S. 7942) and Synechocystis sp. PCC 6803 (S. 6803). Illumination of the darkadapted cells or dithiothreitol (DTT) treatment of the crude homogenate had little effect on the activities of these enzymes in S. 7942. In fact, Cys residues involved in the light activation of the enzymes in higher plants did not exist in the amino acid sequences of NADP-GAPDH and FBPase-II from S. 7942 (Tamoi et al. 1996a , Tamoi et al. 1996b ). This evidence was explained by the resistance of regulatory enzymes in the Calvin cycle of S. 7942 to H 2 O 2 up to 1 mM. The same resistance to H 2 O 2 was also obtained in eukaryotic algae, Chlamydomonas sp. W80. This was due to the different conformation structures near the Cys residues of the chloroplastic enzymes between higher plants and Chlamydomonas sp. W80 cells (Tamoi et al. 2001) .
PRK (EC 2.7.1.19) catalyzes the conversion of ribulose-5-phosophate (Ru5P) and ATP to RuBP and ADP and is located at the final step of the regeneration of RuBP in the Calvin cycle. The PRK from cyanobacteria to higher plants highly conserves four Cys residues (Su and Bogorad 1991 , Roesler and Ogren 1988 , Roesler and Ogren 1990 , Horsnell and Raines 1991 , Michalowski et al. 1992 . Two Cys residues near the Nterminus in chloroplastic PRK are considered responsible for the light/dark regulation mediated by the ferredoxin-thioredoxin system. One of Cys residues (Cys16) of spinach PRK is located at a domain associated with the ATP-binding site (Higgins et al. 1986) . The N-terminal amino acid sequence analysis of S. 7942 PRK indicated that the two Cys residues are also conserved in the enzyme (Wadano et al. 1995) . S. 6803 PRK also contained a pair of Cys residues corresponding to Cys16 and Cys55 in spinach PRK (Su and Bogorad 1991) . However, the S. 7942 PRK could not be activated by light in vivo or by DTT treatment, which is able to mimic the effects of light on activation of the thiol-modulated enzymes (Tamoi et al. 1998 ).
To clarify in detail the relationship between the presence of Cys residues and lack of light regulation, we isolated and characterized the PRK gene from S. 7942, and studied the effects of reducing and oxidizing reagents on the activities of purified recombinant PRK expressed in Escherichia coli.
Results

Isolation and characterization of the gene encoding PRK from Synechococcus sp. PCC 7942
The nucleotide sequence of the PRK gene consisted of a 999-bp open reading frame encoded for a peptide of 333 amino acid residues (Fig. 1) . The calculated molecular mass of the Fig. 1 Nucleotide sequence of the PRK gene and deduced amino acid sequence, including upstream and downstream elements. The box shows the amino acid sequences of the N-terminal region, which are identical to the sequences determined previously. The potential Shine-Dalgarno sequences are bold lined. The nucleotide numbers stand for those from the putative initiation codon.
cloned sequence in the gene of PRK was 37,713 Da, which was smaller than the 44 kDa of the PRK subunit determined by SDS-PAGE. The N-terminal amino acid sequence of the PRK purified from S. 7942 is boxed in Fig. 1 (Wadano et al. 1995) . Ten base pairs upstream of the initiation codon were a putative ribosomal binding site, the Shine-Dalgarno sequence, GAG-GGA. The deduced amino acid sequence showed high homologies with those of S. 6803 (78.0%), Chlamydomonas reinhardtii (61.5%), Spinacia oleracea (61.7%), Arabidopsis thaliana (64.8%) and Mesembryanthemum crystallinum (63.3%) (Su and Bogorad 1991 , Roesler and Ogren 1990 , Roesler and Ogren 1988 , Horsnell and Raines 1991 , Michalowski et al. 1992 (Fig. 2) . In contrast, S. 7942 PRK showed low homology with those of anoxic photosynthetic bacteria, such as Rhodobacter sphaeroides (25.6%), Xanthobacter flavus (14.7%), Rhodobacter capsulatus (27.3%) (Gibson et al. 1991 , Meijer et al. 1991 , Paoli et al. 1995 . The amino acid sequences of PRK from S. 7942 and S. 6803 contained two Cys residues corresponding to the residues Cys16 and Cys55 in the chloroplastic enzymes required for light/dark regulation, but lacked 17 amino acid residues between the two Cys residues.
Expression of S. 7942 PRK gene in E. coli
Eighteen h after induction with isopropyl b-D-thiogalactoside (IPTG), the recombinant protein from the PRK gene was expressed at a high level in E. coli cells. The specific activity of the recombinant PRK in the crude extract from E. coli was 31.8±0.7 mmol min -1 (mg protein) -1 . The recombinant PRK protein accounted for 6-13% of the total soluble protein in E. coli, as shown in Fig. 3 .
The overexpression system of PRK has been reported for only two genes isolated from spinach and photosynthetic bacterium R. spheroids (Hudson et al. 1992, Hallenbeck and Kaplan 1987). The PRK of the photosynthetic bacterium R. sphaeroides was expressed as about 25% of the total soluble protein in E. coli, but the expression level of spinach PRK was less than 1% in the host. These data could be due to either a sensitivity of the recombinant protein to proteolysis as well as toxic effects of the protein on the host or a difference of codon usage between spinach and E. coli. The expression of recombinant spinach PRK was, however, successful in yielding 5-10% of the soluble protein by utilization of the yeast Pichia pastoris as an expression host (Brandes et al. 1996 ), suggesting that the expression level of the PRK gene depends on a difference of codon usage between the eukaryotic and prokaryotic gene rather than the toxic effects of the expressed recombinant protein in the host. Brandes et al. (1996) described that the sequence of spinach PRK-coding predominantly utilizes AGA or AGG codons for arginine, whereas the codons for arginine preferred in E. coli are CGN and the presence of rare codons is harmful to high levels of expression of the recombinant protein in E. coli. S. 7942 PRK gene also utilized CGN codons for arginine, not AGA nor AGG. Therefore, it seems likely that the PRK gene of cyanobacterial S. 7942 could express high levels in E. coli. Therefore, a large quantity of protein, approx. 12-20 mg liter -1 of bacterial culture was highly purified by conventional chromatographic steps (Fig. 3) . The purification procedure yielded a PRK preparation purified approx. 7.4-fold over the crude enzyme with a recovery of 7%. The specific activity of purified recombinant PRK was 230.9±5.4 mmol min -1 (mg protein) -1 . This value is about 3-fold higher than the value of native PRK, 72.6 mmol min -1 (mg protein)
, as previously reported (Wadano et al. 1995) . The K m value for ATP was 0.09±0.01 mM, which was in agreement with the value of purified native PRK (Wadano et al. 1998 ).
Effect of DTT, DTNB, and H 2 O 2 treatments on the activity of PRK When the purified PRK (80 mg) was incubated with 25 mM DTT, it showed an activity of 215.2 mmol min -1 (mg protein) -1 (Fig. 4, control) . In contrast, incubation of the enzyme with 50 mM DTNB for 5 min completely inhibited the activity (Fig. 4 , DTNB(+)/DTT(-)). The enzyme oxidized by DTNB was separated from the reaction product, 5-thio-2-nitrobenzoic acid, and excessive DTNB by a gel filtration column of Sephadex G-25 (data not shown). Then the treatment of the inactivated PRK with excessive DTT caused it to be activated again (Fig. 4 , DTNB(+)/DTT(+)) up to the same level of the activity of the not inactivated PRK (Fig. 4 , DTNB(-)/ DTT(+)).
As shown in Fig. 5B , the activity of spinach chloroplastic PRK was completely inhibited at 0.1 mM H 2 O 2 , which was in good agreement with the previous results (Takeda et al. 1995) . In contrast, the activity of purified recombinant PRK showed 50% inhibition with 0.1 mM H 2 O 2 . For NADP-GAPDH and FBP/SBPase from S. 7942, the purified enzymes showed less than 10% inhibition by 0.1 mM H 2 O 2 (Tamoi et al. 1996a , Tamoi et al. 1996b , indicating that PRK is more susceptible to H 2 O 2 than NADP-GAPDH, FBPase-II and FBP/SBPase. We studied the effect of ATP, which is one of the substrates of PRK, on oxidation of the enzyme. The addition of 3 mM ATP, corresponding to the intracellular level of S. 7942 to a reaction mixture with various levels of DTNB, showed that ATP has a protective effect on the oxidation of the enzyme; however, treatment with excessive DTNB completely interrupted the protective effect by ATP (Fig. 5A ). Fig. 5B shows that incubation with ATP also has a protective effect on the inhibition of the enzyme activity by H 2 O 2 .
Discussion
It has been well established that the light-coupled regulation of PRK activity in higher plants takes place via the thioredoxin-mediated reversible reduction/oxidation of sulfhydryls/ disulfides (Buchanan 1991) . The activation/deactivation of thiol-modulated enzymes, GAPDH, FBPase, SBPase and PRK by light/dark condition regulates the Calvin cycle in higher plants. The redox regulation of these enzyme activities depends on the intrasubunit Cys residues in higher plants.
Chemical modification and site-directed mutagenesis of the homodimeric PRK protein from spinach showed that both residues of the regulatory intrasubunit disulfide, Cys16 and Cys55, are associated with the light/dark regulation and are located at or near the nucleotide-binding domain of the active site. S. 7942 PRK contained consensus Cys residues corresponding to the Cys residues, Cys16 and Cys55, involved in the light regulation of spinach PRK. Cyanobacterial PRK, however, did not show the light regulation that was observed in spinach PRK (Tamoi et al. 1998 ). Treatment of the purified recombinant enzymes with the thiol-specific oxidizing reagent, DTNB, and/or the reducing reagent, DTT, (Fig. 4) suggests that the residues may form a disulfide bond in vitro under the high redox potential reagent, DTNB, thus leading to inactivation of the enzyme. Treatment with H 2 O 2 supported this view (Fig. 5) . Tamoi et al. (1998) showed that the activity of cyanobacterial PRK did not change under light and dark conditions. Interestingly, we found that ATP as a substrate of PRK has a protective effect on the oxidation of the enzyme by the treatment of both DTNB and H 2 O 2 (Fig. 5A, B) . However, the protective effect of ATP on the oxidation of the enzyme was rather weaker than that of spinach PRK (Omnaas et al. 1985) . In other words, the enzyme of S. 7942 was resistant enough to oxidation to sustain its usual activity compared with that of spinach. The amino acid residues of PRK involved in the ATP-and Ru5P-binding domains were highly conserved in enzymes among photosynthetic bacteria, cyanobacteria, eukaryotic algae and higher plants (Su and Bogorad 1991 , Roesler and Ogren 1988 , Roesler and Ogren 1990 , Horsnell and Raines 1991 , Michalowski et al. 1992 , Gibson et al. 1991 , Meijer et al. 1991 , Paoli et al. 1995 . A tertiary structure of the active site in S. 7942 PRK was predicted based on the structure of R. sphaeroides PRK by the SWISS-MODEL. As shown in Fig. 6 , the predicted model suggested that two Cys residues and two amino acid residues, Ser21 and Glu131, are located at the ATPbinding site (Higgins et al. 1986 ). The latter two residues were potential Mg-ATP ligands (Runquist et al. 2001) . Judging from the tertiary structure, we found that it may be difficult for the substrate ATP to enter the binding site if the disulfide bond is formed between Cys18 and Cys40. In other words, when ATP is bound to the active site, formation of the disulfide bond seems to become more difficult. The distance between the two Cys residues was approx. 10 Å. This distance might make it more difficult to form a disulfide bond in vivo. The distances of the two cysteinyl residues of the protein regulated by oxidation/reduction dependent on sulfhydryls/disulfide exchange such as spinach chloroplastic thioredoxin m are 2.0 and 3.6 Å in the oxidized [protein data base accession number #1FB6] and the reduced [#1FB0] form, respectively (Capitani et al. 2000) . Accordingly, it seems likely that the inconsistency between the possible formation of a disulfide bond in vitro and the lack of change of the enzyme activity by light/dark transition in vivo may be due to the faint susceptibility to redox modulation of the enzyme. The S. 7942 PRK was resistant to oxidation/reduction in vivo, and more tolerant to oxidation than chloroplastic PRK. Moreover, intermediates such as ATP may prevent the oxidation of the PRK in vivo. How is the Calvin cycle in cyanobacteria regulated, as distinct from higher plants? In chloroplasts of higher plants, the concentration of carbon dioxide does not markedly decrease during dark periods (Perchorowicz et al. 1981 ). RuBisCO would be in an active state; therefore, the chloroplasts of higher plants need light/dark regulation of thiol-modulated enzymes in the Calvin cycle. Miller (1990) reported that in cyanobacteria, the concentration of carbon dioxide markedly decreases during the dark period to deactivate RuBisCO and then the Calvin cycle almost does not function. Accordingly, it is conceivable that the Calvin cycle of cyanobacteria does not need strict regulation by light/dark activation/deactivation of thiol-modulated enzymes. In that case, can cyanobacteria allow the PRK to function during the dark periods? When illuminated cells of cyanobacteria were transferred to darkness, the internal concentration of RuBP almost decreased to zero (unpublished data), indicating that PRK does not function in darkness. If PRK consumes Ru5P and ATP during dark periods, the concentration of D-ribose-5-phosphate, an isomer of Ru5P, is insufficient to sustain the nucleic acid synthesis pathway and oxidative pentose phosphate pathway. Therefore, some metabolites may regulate the PRK activity in place of redox regulation via the ferredoxin/thioredoxin system under light/dark conditions. In higher plants, PRK and GAPDH have been shown to be oligomerized onto the non-enzymatic peptide CP12 (Wedel et al. 1997, Wedel and Soll 1998) . Activities of both enzymes depend on the complex dissociation mediated by NADPH. The occurrence of the genes for the CP12 in mosses, green algae, and cyanobacteria, together with the analysis of an equivalent multiprotein complex of Chlamydomonas and Synechocystis suggests that light regulation of the Calvin cycle activity via NADPH-mediated reversible PRK/CP12/GAPDH complex dissociation is conserved in all photosynthetic organisms, prokaryotes and eukaryotes. The complex dissociation might have a critical meaning for the regulation of PRK activity in the dark.
Materials and Methods
Materials
ATP, NADH, and lactate dehydrogenase were purchased from Oriental yeast Co., Ltd., Tokyo, Japan. Phospho(enol)pyruvate, ribose 5-phosphate, and phosphoriboisomerase were from Sigma Chemical Co., MO, U.S.A. Pyruvate kinase was obtained from Roche Diagnostics K. K., Tokyo, Japan. The molecular biology reagents and enzymes were from Toyobo Co., Inc., Osaka, Japan. The TAKARA LA PCR™ in vitro Cloning Kit was purchased from Takara Bio Inc., Shiga, Japan. Other chemicals were reagent grade and obtained from Nacalai Tesque, Inc., Kyoto, Japan.
Organisms and culture S. 7942 was cultured in BG11 medium at 30°C for 3 d under illumination (200 mE m -2 s -1 ) with aeration. E. coli strains DH5 alpha and BL21(DE3)plysS were cultured at 37°C in LB and at 18°C in Terrific Broth, respectively.
Isolation and DNA sequence analysis of the PRK gene
The chromosomal DNA was isolated from the S. 7942 cells (wet wt 1.5 g) by the method of Williams (1988) . S. 7942 PRK gene (prk) was isolated using a TAKARA LA PCR™ in vitro Cloning Kit. The chromosomal DNA was digested with HindIII for 2 h, treated with phenol-chloroform, precipitated with ethanol and suspended in 10 ml of TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0). One microliter of digested genome DNA was ligated with oligonucleotide-cassettes (50 ng) for 30 min at 16°C and a part of the ligated mixture was used for the LA-PCR using oligonucleotide-cassette (C1, C2) and prkspecific primers (H-2f, H-3f, H-3r-1). The sequences of those primers were as follows; C1: 5¢-GTACA TATTG TCGTT AGAAC GCGTA Fig. 6 Predicted tertiary structure of S. 7942 PRK active site. The tertiary structure of PRK was predicted by using the SWISS-MODEL, an automated protein-modeling server based on the structure of Rhodobacter sphaeroides PRK (Protein Data Base accession number [1A7J]) (Harrison et al. 1998) . Two amino acid residues Ser21, Glu131 are candidates for binding Mg-ATP. The cysteinyl residues (Cys18, Cys40) are concerned with the matter of the redox regulation.
ATACG ACTCA-3¢, C2: 5¢-CGTTA GAACG CGTAA TACGA CTCAC TATAG GGAGA-3¢, H-2f: 5¢-AA(AG) CC(TCG) ATC TA(TC) AAC CA-3¢, H-3r-1: 5¢-GAT GGT CGA (GA)CC (TC)TC (GA)TC (GA)AA-3¢, and H-3f: 5¢-GCA GTT GAT CCA ACG GGA AG-3¢. Thermal cycling was carried out for 30 cycles of denaturation (94°C, 30 s), annealing (55°C, 2 min) and extension (72°C, 1 min). After amplification, the reaction products were analyzed by agarose gel electrophoresis. The products were subcloned into pT7blue T-vector (Novagen Inc., WI, U.S.A.) and sequenced using an ABI PRISM 310 Genetic Analyzer (Applied Biosystems Japan Inc., Tokyo, Japan).
Expression of the PRK gene in E. coli
Two DNA fragments containing ORF of PRK were amplified by PCR with the following primers; 5¢-(GTC TCG AGG GAT CAT ATG AGC AA; nucleotide residues -15-8, prk-F) and the other 5¢-(GAA ACC TGA GCA ACC TAG ACG C; nucleotide residues 995-1,016, prk-R). The forward primers were designed to introduce an NdeI site (bold sequence) with an ATG codon for the initiation of translation. Amplified DNA fragments were cloned into a pT7Blue T-vector, and sequenced with an automated DNA sequencer. For the construction of the plasmid to express prk, the plasmid was digested with NdeI, and the resulting 1.0 kbp-DNA fragment was cloned into the pET16b vector (Novagen Inc., WI, U.S.A.) treated with the same restriction enzyme. The resulting construct, designated pET-S7PRK, was introduced into the E. coli strain BL21(DE3)pLysS. The E. coli cells were grown to an OD 600 of 0.4-0.6 with shaking at 18°C in Terrific Broth medium containing 200 mg ml -1 ampicillin and 34 mg ml -1 chloramphenicol. The induction of the PRK expression was performed by the addition of isopropyl b-D-thiogalactoside to 1 mM and with shaking for 18 h at 18°C.
Enzyme assays
The PRK activity was assayed at 25°C with the slightly modified procedure of Racker (1957) in which the ADP formation is coupled to the NADH oxidation via pyruvate kinase and lactate dehydrogenase. The assay cuvette contained 100 mM Tris-HCl (pH 8.0), 100 mM KCl, 10 mM MgCl 2 , 0.2 mM NADH, 2 mM ATP, 2.5 mM phospho(enol)pyruvate, 2 mM ribose 5-phosphate, lactate dehydrogenase (5 units), pyruvate kinase (2 units), phosphoriboisomerase (1 unit) and the enzyme in a final volume of 1 ml. The reaction was initiated by the addition of ribose 5-phosphate and monitored at 340 nm. One unit of activity is represented by an absorbance change of 6.22 per minute.
Purification of the recombinant enzyme
All procedures were carried out at 4°C. E. coli cells (2.2 g wet weight) were harvested by centrifugation at 3,000´g for 10 min, suspended in 20 mM Tris-HCl buffer (pH 7.9) containing 500 mM NaCl, 5 mM imidazole, and sonicated (10 kHz) for a total 4 min with four intervals of 1 min each. This lysate was centrifuged at 18,000´g for 20 min. The resulting supernatant was loaded onto a His Bind Resin column (Novagen Inc., WI, U.S.A.) equilibrated with 20 mM Tris-HCl buffer (pH 7.9) containing 500 mM NaCl and 5 mM imidazole. The column was eluted with 20 mM Tris-HCl buffer containing 500 mM NaCl and 1 M imidazole. The collected active fractions were combined, dialyzed against 0.5 liters of 10 mM Bicine-KOH buffer (pH 8.0) containing 10 mM DTT, and adjusted to pH 6.8 by addition of 1 M Bicine (pH 5.0). The enzyme solution was loaded onto a reactive red 120 agarose-CL column (1.0´2.5 cm) equilibrated with 10 mM Bicine-KOH (pH 6.8) containing 10 mM DTT. The column was washed with 10 ml of 10 mM Bicine-KOH (pH 6.8) containing 10 mM DTT, and 20 ml of 10 mM K-phosphate buffer (pH 6.8) containing 10 mM DTT. The column was eluted with 20 ml of 10 mM Kphosphate buffer (pH 8.0) containing 10 mM DTT and 1 mM ATP. The active fractions were combined and stored.
DTT, DTNB and H 2 O 2 treatment
The purified recombinant PRK was incubated at 27°C in 1 ml of 100 mM Tris-HCl (pH 8.0) containing 10 mM MgCl 2 and 25 mM DTT. In order to remove the DTT completely, the enzyme solution was passed through a column (10´1.5 cm) of Sephadex G-25 (Amersham Biosciences Co., NJ, U.S.A.) equilibrated with 100 mM Tris-HCl (pH 8.0) containing 10 mM MgCl 2 under saturation with N 2 gas (control). The protein fractions were placed into tubes under saturation with N 2 gas to give a concentration of approx. 0.3 mg protein ml -1
. Fifty micromolar DTNB was added to the enzyme solution at 4°C, and the activity was assayed after 5 min (DTNB(+)/DTT(-)). Then the enzyme was treated with 25 mM DTT and its activity was assayed after 1 h (DTNB(+)/DTT(+)). In order to check the effect of H 2 O 2 , the purified enzyme after removing DTT was incubated with H 2 O 2 at the indicated concentration for 10 min in the dark, as previously reported (Kaiser 1976 , Takeda et al. 1995 . To study the effect of ATP on oxidation of the enzyme, the DTNB and H 2 O 2 treatment was carried out in the presence or absence of 3 mM ATP.
Prediction of tertiary structure
The tertiary structure of PRK was predicted with using the SWISS-MODEL, an automated protein-modeling server (GlaxoSmithKline, Geneva, Switzerland). The picture was generated by using RasMol ver. 2.7.2.1.
Other methods
SDS-polyacrylamide gel electrophoresis was performed on a 12.5% (w/v) polyacrylamide slab gel according to the method of Laemmli (Laemmli 1970) . Proteins in the gel were stained with Coomassie Brilliant Blue R-250 and destained in 7% acetic acid. The protein concentration was determined by the method of Bradford with BSA as a standard (Bradford 1976) .
